Abstract-Designing a high-performance a micro-fabricated thermal modulator (µTM) is critical for realizing a portable comprehensive microscale 2-D gas chromatography (µGC ×µGC) system. However, there is little fundamental understanding of the physics governing twostage thermal modulation. Toward that goal, we perform finite element and analytical modeling based on convection-diffusion equations and obtain excellent match with experimental results. We demonstrate that unlike bench-top TMs, species are not immobile during the trapping phase of modulation. A 10% decrease in time-constant of the first stage improves peak capacity of µGC ×µGC, full-width-at-half-height of the modulated peak proportionately, and reduces breakthrough by ∼70%. Due to the high cost of micro-fabrication, it is prohibitively expensive to perform such studies experimentally. Performing design optimizations numerically using such models could lead to the realization of portable µGC ×µGC systems and low-cost bench-top µTMs. We conclude by suggesting some possible improvements to our µTM design.
I. INTRODUCTION
T HE NEED for fast, on-site analysis of Volatile Organic Compounds (VOCs) using μGC such as in forensics, chemical weapons detection etc. has been growing rapidly [1] . Current generation μGCs are severely limited in their capacity to separate real-life VOC mixtures [2] . GC×GC is the most effective method available to separate very complex VOCs and can significantly improve separation capacity of μGCs [3] .
Unlike standard GC, which uses a single column, GC×GC uses two columns of complementary retention properties, separated by a junction point modulator (Fig. 1a) . Numerous studies have appeared on various sub-systems of μGC. However, current μTMs [4] can achieve Full-Width-at-half-height of the modulated peak (FWHHm) of 100 ms. This is far from the optimal FWHHm requirement of ∼10 ms [5] achieved in bench-top TMs using high cryogenic consumables/power usage. μGC×μGCs operate with severe power constraints. Thus, we need to optimize the design of μTMs based on an understanding of its underlying physics. Towards that goal, we propose a two-stage μTM model and examine the underlying phenomena. Next, we experimentally validate the model and use it to study the impact of the thermal time constant of the first stage (τ 1 ) of our μT M on the FWHHm, breakthrough of the modulated peak; and the peak capacity of GC × GC. To construct the μT M channels, meander-line concentric grooves (250 μm (w) × 150 μm (h)) are etched into a silicon wafer using deep-reactive-ion-etching (DRIE) (Fig. 1a) . It is then capped with a ∼150 μm thick Pyrex wafer using anodic bonding (Fig. 1b) . Our μT M (Fig. 1b-c) is mounted on top of a Thermo-electric Cooler (TEC), assembled with the peripherals and enclosed inside a GC oven (model 6890, Agilent Technologies) [6] . The TEC (Model SP2394, Marlow Industries) provides cooling to trap incoming species. Voltage pulses on the first and second stage heaters are staggered at an offset (O s ) to focus and elute the trapped species. For each stage, the heat pulse is applied at periodic intervals called modulation period (P M ).
III. MODEL
In our previous paper, we proposed and validated a single stage TM model to predict parameters such as FWHHm based on firstprinciples [7] . Our simplified μT M domain consists of the two stages, three interconnects and the 2 D, enclosed in a GC oven.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. For our simulation, we restrict the time interval of our study to two P M s, starting at the end of the first heat pulse on the first stage. We assume prior knowledge of the incoming peak shape to the μT M inlet, and temperature profile determined from experiments [7] . The physics in our μTM (Fig. 1d ) is governed by mass transfer and chemical kinetics and is given by [8] :
where V 1 , V 2 , c 1 , and c 2 represent the mobile phase and stationary phase volume and analyte concentration, respectively. Due to the short residence time of the analyte within the channels, low Reynolds, Mach numbers, we have assumed incompressible Hagen Poissuelle flow through the channel. The interaction between the carrier gas, stationary phase and analyte is represented by the partition coefficient (K ) and diffusion coefficient (D m ) which are functions of the local temperature T (x, t) [7] . Fig. 2a-d shows the three Steps of two-stage thermal modulation. The domain equations are then solved using finite-element simulations in COMSOLv5.0 and Matlab to obtain the concentration profile (c 1 , c 2 ) as a function of t and x. The un-trapped species that appears at ∼t = 0 is known as breakthrough. We obtain the FWHHm by fitting the modulated peak at the exit of the 2 D to a Gaussian peak. The performance of μGC×μGC is represented by peak capacity (n 2D ). Thus, an improvement in performance of a μGC×μGC (G 1/2 ) due to a change in τ 1 can be defined as the ratio of the peak capacity of the new system (n 2 D 1 ) over that of the reference system (n 2 D 2 ). n 2D is the product of the effective peak capacity of the 1 D ( 1 n c ) and 2 D separation ( 2 n c ) [9] . Since the μT Minjects peaks of finite FWHHm into the 2 D, it introduces non-idealities ( 2 U s ), which results in 2 n c being lower than the ideal peak capacity ( 2 n co ).
1 n c , 2 n co , and P M remains identical, leading to:
For slow injections, where the modulated peak width ( 2 σ i ) is much larger than the peak width of an ideal injection where 2 k is the retention coefficient of the 2 D column, 2 σ i is the standard deviation of the peak injected into the 2 D, 2 t R is the hold-up time in the 2 D . 2 σ M 0 is determined using Golay's equation [10] .
IV. RESULTS
As the first stage cools down from T max ( Step 1), incoming species are trapped at its entrance (Fig. 3a) . Since the second stage is at T min , any species that moves through the first stage is trapped in the second stage. When the second stage heater turns on at t = 0.5s, this escapes unmodulated and appears as breakthrough as shown later. During t = 2-5.81s, the temperature of the two stages remain approximately at T min . This leads to a steady, low partition coefficient between PDMS and octane. Hence, the trapped species moves along the μT M stage towards the exit at a slow but constant speed (Fig. 3a) . As it moves towards the exit, the peak shape remains unaltered since most the species is adsorbed into the stationary phase, where the diffusion coefficient is negligible. When the heaters on the first and second stage are sequentially turned on at t = 5.8s and 6.5s respectively, species move from the first stage to the second stage ( Step II) and subsequently to the 2 D (Step III). (Fig. 3b) . The spikes/depressions in the concentration profile at the ICs happen because the temperature of the preceding stage and the IC differs significantly.
Samples were drawn from a 9L bag consisting of a mixture of octane and N 2 , and injected into the 1 D column using a 6-port valve, with He as the carrier gas. A FID operating at 1 kHz analyses the modulated peaks in real-time. Fig. 4a shows a comparison between experiment and simulation. Our model predictions match experimental results within ∼ 12%, over the range of flow rates studied. We observe a very sharp peak (breakthrough of the first kind) followed by a broader peak (breakthrough of the second kind) at the start of the simulation (Fig. 4b) . Breakthrough of the first kind is independent of the cooling rate (τ 1 ) and is due to species moving through the first stage un-trapped, just after the first stage heaters are turned off at t = 0. A higher τ 1 results in a higher first stage temperature during the latter half of trapping phase (Step I, t = 2-5.81s), thus leading to a higher amount of breakthrough of the second kind. Thus, a 10% decrease in τ 1 from the baseline decreases breakthrough% from 35% to 20%, a drop of 70% (Fig. 4c) .
A higher amount of breakthrough results in a smaller amount of the incoming species being modulated. Further, an increase in τ 1 results in species being trapped over a larger length of the stage lengths (Fig. 3a) , leading to higher FWHHm and reduced peak height (Fig. 4d) . We observe that a 10% reduction in τ 1 can decrease FWHHm by ∼ 10%, increase peak height (sensitivity of detection) by 40% and increase effective peak capacity of μGC × μGC by 10% (Fig. 4e) .
V. CONCLUSION
To the best of our knowledge, this letter presents the first experimentally validated model for a two-stage μT M and extends it to study the effect of τ 1 on G 1/2 FWHHm and breakthrough%. In contrast to Bench-top TMs, which operate at much lower T min [3] , we show that the trapped species are not immobile and move a considerable distance during the trapping Step. Thus, in the absence of the second stage inμT Ms, the breakthrough would be significantly worse, compared to that of benchtop TMs. Our simulations show the importance of breakthrough inμT Ms, which is very difficult to demonstrate experimentally. For demonstrating the importance of breakthrough, and because the breakthrough peak height is much smaller than the modulated peak, we have assumed that the modulated peak and breakthrough are not convoluted. In experiments, they are convoluted and we expect FWHHm obtained experimentally will be slightly higher than from our simulations. (Fig. 4a) . Other secondary effects such as vortices at the channel bends, temperature nonuniformities along the stages/IC also contribute to the difference between model and experimental results.
Our simulations show that a 10% reduction in τ 1 can reduce the FWHH by a proportional amount and breakthrough by 70%. By carefully optimizing multiple parameters breakthrough% can be reduced from 35% to as low as 3%, a drop of 1000%; while FWHHm can be decreased and peak capacity increased by as much as 50%. Breakthrough of the first kind is unavoidable, but strategies to reduce breakthrough of the second kind will significantly decrease the overall breakthrough and ultimately lead to a higher μGC × μGC peak capacity and sensitivity. We can tune the thermal time constant (τ 1 ) by reducing the thermal mass of the device, or by reducing thermal resistance between the heat source and the sink. The thermal resistance can be reduced by reducing the airgap in our μTM. While, there is not much room to reduce the channel-wall thickness, the Pyrex thickness can be reduced to lower thermal mass. Secondly, the current performance of the μT M is significantly hampered by the presence of the cold ICs. This leads to a marginal improvement in the performance of the two-stage μTM over the one-stage design. Using heated interconnects will lead to some tradeoffs in T min , but will significantly lower the FWHHm. We are currently investigating such improvements through modeling and experiments, as well as new designs and will be reporting these in upcoming publications. For any given temperature profile, geometry, and other model parameters, researchers can extend the current model to understand the underlying physics for various designs, and quantify the influence of various design parameters of a given μT M in terms of the μGC × μGC performance. We expect that such studies will lead to the development of μGC × μGC, inexpensive benchtop μTMs and wider adoption of GC × GC.
